We consider, in Einstein's theory of gravity, smooth (non-degenerate) stationary black hole spacetimes of arbitrary dimension, n ≥ 3, with matter and allowing non-zero cosmological constant. The matter fields are assumed to satisfy suitable hyperbolic evolution equations and the dominant energy condition, moreover, the energy momentum tensor is required to be 'regular'. We assume that the space of null generators of the event horizon is compact. By introducing and making use of the concept of "spacetime conjugation" it is shown then that there always exists a Killing vector field in a neighbourhood, as opposed to all the earlier results, on both sides of the event horizon which is normal to the horizon. If, in addition, the domain of outer communication can be smoothly foliated by a 1-parameter family of null hypersurfaces, each generated by congruences of shear free null geodesics, the horizon Killing vector field is shown to exist on the entire of the domain of outer communication, without assuming analyticity. Since the existence of such a foliation can be proved (see Ref.
Introduction
During the last four decades there have been significant achievements in Einstein's theory of gravity in context of black holes which lead, in turn, to the formation of the theory of black hole physics. Recently, as the interest is shifting towards higher dimensional theories there seem to be a new blooming in the application of all of the related ideas which have been developed in general relativity. This way a huge number of exotic higher dimensional configurations possessing black objects like holes, strings, rings, etc. have been found [2, 3, 4, 6, 5] . It worth, however, keeping in mind that in spite of the great number of successful developments even in the four dimensional Einstein's theory there have been left some important issues to be open. An immediate example is "the gap"-discussed in more details below-in the rigidity argument but the existence or non-existence of stationarily rotating Einstein-Yang-Mills black hole configurations is also of great importance, to refer here only to two of the most challenging ones. In this letter we aim to fill up the gap in the black hole rigidity argument.
Recall that a key result in the black holes uniqueness proofs is the so-called black hole rigidity theorem of Hawking [7, 8] , which asserts that, in Einstein's theory of gravity, the event horizon of results of [15, 16, 17, 18, 19, 20, 21] which hold in the smooth setting and are (or can be generalised to be) valid in arbitrary spacetime dimension. Thereby, the existence of a horizon Killing field can be justified on both sides of the event horizon without appealing to analyticity. This paper is organised as follows: In Section 2 we briefly describe the class of stationary black hole spacetimes to which our main results apply. Section 3 collects former results, and, if needed, provides their suitable generalisations, while Section 4 is to present the key new idea of this paper. Section 5 contains our final remarks.
Stationary black hole spacetimes
Throughout this paper a spacetime (M, g ab ) is taken to be a smooth, paracompact, connected, orientable manifold M endowed with a smooth Lorentzian metric g ab . It is assumed that (M, g ab ) is time orientable and that a time orientation has been chosen.
The layout of this paper is so that we intend to refer to the specific details of the matter content as little as possible. In particular, we shall adapt the general framework applied in [20] which is known to accommodate physically relevant matter sources, such as Maxwell, Yang-Mills, Higgs and dilaton fields, along with their suitable combinations, but wave-maps, which are widely applied in context of black hole physics, can also be included. Accordingly, matter fields are assumed to be represented by smooth tensor fields T (i) of type (0, l i ), with "name index" (i), where the spacetime indices of the matter field variables are suppressed. The matter field variables, T (i) , might also have gauge dependence but, even if they have, the corresponding gauge or internal space indices are also suppressed. We shall assume that the fields T (i) satisfy a system of quasi-linear wave equations of the form
where each of the (0, l i ) type tensor fields F (i) is assumed to be a smooth function of the indicated arguments (where the obvious dependence on the points of M is also suppressed). We assume, furthermore, that the matter fields are coupled to gravity so that the Einstein's equations 2) are satisfied, where the energy momentum tensor T ab is assumed to be given as a smooth, "regular" -where the meaning of being regular will be specified later-function of the fields T (j) , their first covariant derivatives, ∇ a T (j) , and the metric. We also assume that T ab satisfies the dominant energy condition, i.e., for all future directed timelike vector ξ a the contraction −T a b ξ b is required to be a future directed timelike or null vector.
As it was demonstrated in [20] equations (2.1) and (2.2) can be recast into the form of a system of coupled quasilinear wave equations and, in turn, they possess, up to diffeomorphisms, unique solutions, in any of the usual initial value problems, in the smooth setting.
In turning to the more specific stationary black hole spacetimes, let us start by assuming that the spacetime (M, g ab ) admits a (global) one-parameter group of isometries, φ t , generated by a Killing vector field t a . We also assume that t a is (future directed) timelike on a φ t -invariant subset, M stac , of M . M stac can be considered as a "region of stationarity" with respect to t a . Notice that assuming only the existence of a point p ∈ M where t a is timelike such a φ t -invariant region of stationarity can be constructed as follows. First, by continuity we have that there must exist an open neighbourhood O p of p within which t a is timelike. Consider, then, the orbit
It is straightforward to see that φ{O p } satisfies all the above requirements, i.e., it is, in fact, a φ t -invariant region of stationarity.
The black and white hole regions, B and W, with respect to M stac , are defined to be the complement of I − [M stac ] and I + [M stac ], respectively. As in [17, 18] we require that (M, g ab ) possess a black hole but no white hole, i.e. W = ∅ which implies that
Note that the domain of outer communications, D, associated with M stac would, in general, be defined to be the intersection of the chronological future and past of M stac , but, in view of eq. (2.3), we have simply
The (future) event horizon of the spacetime is defined by
We shall assume that φ t has no fixed point on N , furthermore, N is orientable and smooth, moreover, the (n − 2)-dimensional space of the null geodesic generators, Z, of N is compact. Since φ t has no fixed point on the event horizon N necessarily possesses the product space structure R × Z.
Recall that in case of an asymptotically flat four dimensional stationary black hole spacetime there is another result due to also Hawking asserting that, whenever the dominant energy condition is satisfied, Z necessarily possesses the topology S 2 . This result of Hawking was generalised recently [24, 25] to higher dimensional spacetimes showing that the cross sections of the event horizon are of positive Yamabe type, i.e., admits metric of positive scalar curvature. Nevertheless, as it was proved recently [19] , the existence of a "to be horizon Killing vector field" requires only the compactness of Z in case of any spacetime dimension thereby we shall not impose any further restriction on Z.
We also assume that there are no "holes" in D, i.e., all inextendible future directed null geodesic emanating from a point of D either cross the event horizon, and enter to and remain in the black hole region, or can be extended to arbitrarily large values of their affine parameter. In this respect D can really be considered as an "asymptotic end". Notice, however, that we do not require any specific fall off property for the metric or for the matter fields, neither the causal character of the part of the boundary-at-infinity I -where the outgoing future directed null geodesics have their ideal endpoints, if it can be defined at all in the context of the considered family of spacetimes-is restricted. In virtue of the topological censorship principle, which is known to be valid in case of physically reasonable asymptotically flat and asymptotically locally anti-de Sitter black holes, D can also be assumed to be simply connected [26, 27, 28, 29] . In particular, when Z is guaranteed to have only a single component D possesses the topology R 2 × Z. Finally, we would like emphasise that, similar in spirit to the investigations in [30, 31] , when matter fields are present "a priori" we do not require them to be invariant under the action of φ t . Definition 2.1 A spacetime which satisfy all of the above assumptions will be referred as stationary black hole spacetime.
"Prelude"
Given the event horizon N as a smooth null hypersurface it is always possible to select an "elementary spacetime neighbourhood" O of N defined as follows. Choose Z to be an arbitrary smooth crosssection of N . Denote by Z u = φ u [Z] the 1-parameter family of smooth cross-sections which provides a synchronised parametrisation u of the generators of N . The cross-sections are guaranteed to be smooth since all the underlying structures are smooth, moreover, φ t was assumed not to have a fixed point on N . Denote by k a the associated future directed null vector field, i.e., k a = (∂/∂u) a on N . Let, then, l a be the unique past directed null vector field on N which is everywhere orthogonal to the 2-dimensional cross-sections Z u and is scaled so that it satisfies the normalising condition l a n a = 1 on N . Consider now the null geodesics starting at the points of N with tangent l a . Since N , Z u , l a and g ab are all smooth these geodesics do not intersect in a sufficiently small open neighbourhood O of N . Such a neighbourhood is called to be an "elementary spacetime region" of N . By choosing r to be the affine parameter along the null geodesics starting at the points of N with tangent l a and synchronised so that r = 0 on N we get a smooth real function r : O → R. The smooth parametrisation u : N → R of the null generators of N can also be extended onto O by requiring its value to be constant along the null geodesics with tangent l a = (∂/∂r) a . We shall also denote by k a the associated vector field (∂/∂u) a on O.
To introduce Gaussian null coordinates u, r, x 3 , . . . , x n in a sub-region O of O we may start by restricting attention to a connected open subset Z of Z on which local coordinates x 3 , . . . , x n can be defined. Denote by N the subset of N which is span by the null generators of N through the points of Z, moreover, denote by O that subset of the elementary spacetime region O the points of which can be achieved along the null geodesics starting on N with tangent l a . By extending the functions x 3 , . . . , x n , first, from Z onto N , second, from N to the O neighbourhood by keeping their values constant first along the generators of N , second along the null geodesics with tangent l a , respectively, we get a "Gaussian null coordinate system" u, r, x 3 , . . . , x n on O. These coordinates have been constructed so that the coordinate vector fields satisfy the relations l a k a = 1 and l a ∂/∂x A a = 0, everywhere in O, moreover, the spacetime metric can be seen to take the form
where f, h A and g AB are smooth functions of u, r, x 3 , . . . , x n in O such that g AB is a positive definite (n − 2) × (n − 2) matrix. (For a more detailed introduction see, e.g., Appendix A of [17] .)
Notice that an elementary spacetime neighbourhood O can always be covered by sub-regions O of the type selected above where Gaussian null coordinates can be defined. By patching these type of coordinate domains the "local" results derived in one of these coordinate domains can always be put into a covariant form in an elementary spacetime region.
It follows immediately from the argument justifying that a generic metric necessarily have the above form (see, e.g., Appendix A of [17] for more details) that the relations
and
are satisfied on N .
By replacing the part of the argument in the proof which refers to u-periodicity applied to (4.3) of [18] by a suitably adapted version of the proof in [19] -see the paragraph of that reference following equation (15)-it can be justified that the statement of Prop. 3.1 of [18] remains valid, even in case of the higher dimensional black hole spacetimes which admit only the "almost u-periodicity", the existence of which was justified in [19] . The only difference, which requires some attention in the case of matter fields investigated here, is the appearance of the contraction −R ab k a k b on the right hand side of (16) in [19] . This contraction, however, in virtue of the Einstein's equation (2.2) is equal to −8πT ab k a k b which, due to the fact that the dominant energy condition is satisfied, is always non-positive, i.e., it is of the same fashion as the square of the shear (see the last term on the right hand side of (16) in [19] ). The same reasoning applied in [19] which leads to first the vanishing of the expansion and then to the vanishing of the square of the shear justifies also the vanishing of T ab k a k b . Thus, in addition to the above relations, since the generators of the event horizon are expansion and shear free, we also have for the metric and for energy momentum tensor that
on N . Then, (3.5), along with the dominant energy condition, implies completely parallel to the argument used in the proof of Prop. 3.2 of [18] that −T a b k b must be parallel to k a and, in turn, that
must also holds on N . Thus, in virtue, of (2.2), we also have that R ab k a ∂/∂x A b = 0 and, in turn, the relevant part of the argument of [19] , below equation (18) therein, can be used to justify the existence of a preferred u-parametrisation of the null geodesic generators of N . In a suitably redefined Gaussian null coordinate system, we also have then that
on N , where from now on k a denotes the tangent field k a = (∂/∂u) a defined with respect to the preferred u-parametrisation.
It can be checked then that along the null geodesic generators of N the vector field k a satisfies the equation
10)
where, in virtue of (3.7) and (3.8) the value of κ is constant throughout N . If κ = 0, u is an affine parameter along the null geodesic generators of N , which, because φ t was assumed to be "global", are complete both to the past and to the future. Because of certain associated technical difficulties, in this case N is called to be "degenerate". Hereafter we shall always assume that κ > 0, i.e. the null geodesic generators of N are incomplete to the past but-in accordance with the expectation that the selected spacetimes should model the asymptotic final state of a black hole-they are complete to the future.
We have arrived to the point of our argument where we shall need to use of the assumption that the energy momentum tensor T ab is "regular". T ab is said to be regular if the following two conditions are satisfied. First, whenever (3.5) and (3.6) hold on N then these relations-in case of gauge fields, along the gauge fixing conditions-imply that
for all values of the "name index" (i), on N . Second, T ab is bounded on the event horizon N -with respect to parallelly propagated basis fields along the generators of N -, moreover, its boundedness implies that the first covariant derivatives of the matter field variables T (i) are also bounded there. It follows from the results of [18, 20] that the energy momentum tensor associated with Maxwell, Yang-Mills, Higgs and dilaton fields immediately satisfies the requirements to be regular. It is straightforward to justify that this property extends to the case when wave maps are also included.
Note that the argument justifying that T ab is regular, in case of the Maxwell and Yang-Mills fields, in addition to the gauge fixing condition-which were used to select the 'preferred gauge representations' applied in our arguments there-the "u-periodicity" of the matter fields variables were also assumed. It can be shown, however, that the main results of Section 5. of [18] remain valid for the more generic case when the matter field variables, and thereby the components of the energy momentum tensor, are required to remain finite, along the null geodesic generators of N . In doing so it is essential to replace the parts of the proofs of Lemmas 5.1 and 5.2 where the preferred vector potentials were extended from the horizon into a neighbourhood of N -which was made originally by making use of an argument based on the characteristic initial value problem-simply by Liedragging the vector potentials from N to the same neighbourhood along the null geodesics starting on N with tangent l a . In turn, the arguments of [18] can be adapted to the case when matter fields 'a priori' are not assumed to be invariant under the action of φ t .
To show that, in addition to (3.7) and (3.9), we also have that 
hold on N . To see that (3.13) is satisfied it suffices to recall that the matter field equations (2.1) read on N as
with the only bounded solution-with respect to parallelly propagated basis fields along the generators of N -given by (3.13) which closes our argument for the considered case. Notice that, since {k a , l a , ∂/∂x A a } is a coordinate basis field, the vector fields k a , l a and ∂/∂x A a commute, moreover, they span the tangent space at each point of the underlying Gaussian null coordinate domain. Accordingly, the above derived equations, (3.2), (3.3), (3.4), (3.7), (3.9) and (3.12), can be summarised as
From this point we could try to proceed by repeating the relevant arguments of [18, 19] to show that to arbitrary order of £ l -derivatives the metric and matter field variables are u-independent on N . This would be necessary to be done, and would require more technical assumptions like the invariance of the matter field variables under the action of φ t , if we aimed to prove the existence of the horizon Killing vector field in the analytic setting which is not the case. For the smooth setting what we already have will suffice for the argument below.
Recall that our principal aim is to show the existence of the horizon Killing vector field in the smooth setting, if possible, on the entire of the domain of outer communication. It is known (see, e.g., [20, 21] ) that the existence of the horizon Killing vector field, in the non-analytic setting, can be shown by making use of an initial value problem. Therefore we need to choose a suitable initial value problem and find also an appropriate initial data surface in it. Although on N we have suitably detailed information about the spacetime metric and the matter fields, N itself does not comprise an initial data surface. To be able to use the null characteristic initial value problem, in addition to N , we need find another null hypersurface, which intersect N in a two-dimensional spacelike surface and on which suitable information about the fundamental fields is also available. By generalising the techniques applied in [15, 16, 17, 18 ] such a null hypersurface can be constructed in the non-degenerate case. In fact, due to the compactness of Z, in the arguments of the proofs of Prop. 4.1 of [17] and Prop. 6.1 of [18] the applied 'u-periodicity" of the geometric variables can be replaced everywhere by the "almost u-periodicity" property, the existence of which was justified by the arguments of [19] . More precisely, the followings can be shown to be true.
Consider a stationary black hole spacetime (M, g ab ) with a non-degenerate event horizon, N , and with matter fields, T (i) . Then, it is always possible to find a sufficiently small "elementary spacetime region", ( , which can be defined everywhere in O * , vanish identically on H * . Now, we can construct the horizon Killing vector field in the black hole region by making use of the part H 1 + ∪ H 2 + of H * , which belongs to the causal future of the bifurcation surface Z, as our initial initial data surface. As it was discussed in details in [20, 21] 
will be a Killing vector field, i.e., the Killing equation
is satisfied by K a , on the entire domain of dependence
The justification of this statement is based on the observation that whenever K a satisfies (3.17) the Lie-derivatives L K g ab and L K T (i) satisfies a coupled system of linear and homogeneous wave equations which possesses the identically zero solution associated with a zero initial data. Since (3.17) , along with the evolution equations for L K g ab and L K T (i) , is a linear homogeneous wave equation the solution to it can be shown to exist everywhere in the the domain of dependence D[Σ] of an initial data surface Σ.
In virtue of the above mentioned extension result, by choosing K a = k * a on H 1 + ∪ H 2 + the solution to (3.17) is guaranteed to be the horizon Killing vector field in the black hole region
is smooth everywhere except on H 2 where it is only C 1 . Therefore, in a generic situation, it could happen that the Ricci tensor gets to be irregular at H 2 . In such a case the Ricci tensor, which is involved in the second term of (3.17), could 'get in the way' of demonstrating that (3.17) does possess unique solutions. Note, however, that equation (3.5) of [20] , along with the relations (3.15) and (3.16), implies that L k R ab = 0 on N , from which it follows, first, that the components of R ab , with respect the "Kruskal-type coordinates" (for details see [17, 18] ) on (O * , g * ab ) on H 2 , will possess the same constant values as they have on N and, in turn, that R ab will be regular also on H 2 . This, along with the fact that the initial data for K a , L K g ab and L K T (i) are smooth everywhere on H 1 + ∪ H 2 + guarantee then the existence and uniqueness of the solutions to all of the above referred linear homogeneous wave equations.
The main result
The key point of this paper, and the associated new method we shall apply, is very simple, probably too simple to be recognised earlier. We start by constructing to our stationary black hole spacetime, in an elementary spacetime region O, an "auxiliary" non-physical spacetime so that there is a oneto-one correspondence between the physical and the non-physical metrics. The latter, which will be referred as "the conjugate to g ab " and is denoted by g ab , is given in O as
where f, h A and g AB are the same smooth functions of the coordinates u, r, x 3 , . . . , x n as they were in (3.1). It is obvious that the associated map, it will be referred as "spacetime conjugation", provides a one-to-one correspondence between g ab and g ab . Notice that the result of spacetime conjugation is not simply the change of the sign of certain terms in (3.1). The causal character of the non-physical spacetime (O, g ab ) significantly differs from that of (O, g ab ). In particular, on N the conjugation "tips over" the future light cones of the physical spacetime so that they lie on the domain of communication side with respect to the non-physical metric. Apparently, the entire domain of outer communication, D, gets into the domain of dependence of H 1 + ∪ H 2 − , with respect to the non-physical metric, where H 2 − is the part of H 2 belonging to the causal past of Z in (O * , g * ab ). Consequently, in showing the existence of a spacetime symmetry in (D∩O, g ab ) the above outlined argument can be applied. Accordingly, by choosing
where ∇ a and R ab denote the covariant derivative operator and the Ricci tensor with respect to g ab , respectively, will be a Killing vector field everywhere in D ∩ O. To justify the last part of the previous assertion, in virtue of the corresponding arguments of [20] , we have also to have the " -ed " versions of the relations (2.1) and (2.2) to be satisfied in D ∩O. What is probably even more striking than the simple one-to-one correspondence between the geometric structures of the physical and conjugate spacetime specifications is that the desired relations, i.e., the " -ed " versions of the equations (2.1) and (2.2), can be deduced by from (2.1) and (2.2) in the following simple way. When written out (2.1) and (2.2) in the Gaussian null coordinates (u, r, x 3 , . . . , x n ) in O, in terms of the components of the metric and matter field variables, simply perform the coordinate transformation r → −r, while the other coordinates are kept fixed. It can be justified then, by inspection, that the equations yielded by this process do coincide with the " -ed " versions of the equations (2.1) and (2.2) when they are written out in the same Gaussian null coordinates (u, r, x 3 , . . . , x n ) in O. (For a more transparent justification of this claim see also Subsection 3.5 of [1] .)
Having the Killing vector field K a we still need to demonstrate that it really gives rise to the desired horizon Killing vector field in D ∩ O with respect to the physical spacetime metric, as well. To show that this is, in fact, the case it is very informative to identify K a in terms of the Gaussian null coordinates. To do so, denote by ψ u the 1-parameter family of isometries associated with K a . (The use of "u" as the group parameter here might be accepted based on the observation that
Since O was assumed to be arbitrary it can, without loss of generality,
holds for any value u ∈ R, which, in turn, implies that ψ u acts as a global 1-parameter group of isometries on D ∩ O. Since ψ u maps H 1 + ∪ H 2 − into itself, geodesics into geodesics, and preserves affine parametrisation, in particular, it is mapping all the null geodesics starting at the points of N with tangent l a , which were used to set up our Gaussian null coordinate system, into geodesics belonging to the same family. Notice that this family of null geodesics, along with their affine parametrisation, is intact under the map of conjugation. Thereby, ψ u maps the r = const, x A = const coordinate lines, with tangent k a into themselves. This, however, along with the fact that
Accordingly, u is an adapted Killing coordinate, i.e., all the smooth functions f, h A and g AB appearing in (4.1) have to be u-independent. Notice that this immediately implies that (∂/∂u) a is, in fact, "the horizon Killing vector field" everywhere in D ∩ O with respect to both the non-physical and physical metrics. This closes our argument justifying the existence of a horizon Killing field in O, on both sides of the event horizon of a stationary black hole spacetime, without appealing to analyticity.
The next obvious issue is: What limits our method to show the existence of the horizon Killing vector field in the entire domain of outer communications? It is, in fact, directly related to the way the conjugation map was defined. Since it is intrinsically based on the use of Gaussian null coordinates if such a coordinate system can be defined on the entire of D we have done, i.e., the existence of the horizon Killing field can be justified on D without appealing to analyticity.
It is straightforward to check that Gaussian null coordinates can be defined globally in D in the following case. Consider the 1-parameter family of (n − 2)-dimensional spacelike surfaces Z u = ψ u [Z 0 ] foliating the event horizon, N . (In virtue of the main result of this paper the 1-parameter family of isometries ψ u is already defined locally). Whenever there are no conjugate points to the surfaces Z u along the members of the (n − 2)-parameter family of null geodesic congruences, the members of which start at the points of Z u with tangent l a , the desired global coordinate system exists. The existence of these type of congruences, which when the dominant energy condition is satisfied are shear free null geodesic congruences, can be shown (see Ref. [1] ) in case of four dimensional asymptotically flat or asymptotically (locally) anti-de-Sitter electrovac spacetimes thereby the above result provides an immediate generalisation of the black hole rigidity theorem of Hawking to the corresponding non-analytic setting.
Conclusions
Once having all the above results one of the most important open issues related to the rigidity of stationary black hole spacetimes is to identify those conditions which can guarantee the existence of a global foliation of their domain of outer communication with the desired shear free null congruences. In spite of the partial results of [1] there remained a lot of interesting cases to be investigated even in the case of four dimensional spacetimes with various matter sources. To have analogous results guaranteeing the existence of the needed global foliations in case of higher dimensional stationary black holes spacetimes will probably require a lot more attention.
We believe that the concept of spacetime conjugation introduced in this paper-which, as far as we know, has not been described or applied before-will be useful in solving various problems in general relativity. An immediate example is provided by [1] , where, by making use of this concept, the uniqueness of stationary black hole spacetimes could be put into a completely new framework by making use of the Newman-Penrose formalism [34] and that of the associated characteristic initial value problem worked out in details by Friedrich [35] .
Another possible application could be to generalise the result of Dafermos [30] , where black hole spacetimes admitting a time orientation preserving isometry action was considered, from the spherically symmetric to generic black hole spacetimes. We believe that this can be done since the "interchange of the notions of spacelike and timelike" applied in an elegant way in context of four dimensional spherically symmetric black hole spacetimes in [30] is, in fact, a simple variant of the generic concept of spacetime conjugation proposed in this paper.
Finally, we would like to recall that the assumptions we imposed in Section 2 on the underlying gravity-matter system were quite generic. Those conditions are immediately satisfied by Einstein's theory of gravity. Nevertheless, if we replace (2.2) by assuming that the Einstein tensor G ab is given as a smooth function of the fields T (j) , their first covariant derivatives and the metric. Furthermore, if in the formulation of the dominant energy condition T ab is replaced by the Einstein tensor G ab , then all the assumptions we made could be satisfied, e.g., by the 'conformally equivalent representation' of higher-curvature theories possessing a gravitational Lagrangian that is a polynomial of the Ricci scalar [32] (see also [33] ) and could also be satisfied by various other types of covariant metric theories of gravity.
